Rotation with dicotyledonous crops to break cereal monoculture has proven to be beneficial to successive cereals. In two fields where the soil had been subjected to prolonged, continuous cereal production, two 3-year rotation trials were established. In the first year, faba bean, turnip rape and barley were grown, as first crops, in large blocks and their residues tilled into the soil after harvest. In the following year, barley, buckwheat, caraway, faba bean, hemp and white lupin were sown, as second crops, in each block and incorporated either at flowering stage (except barley) or after harvest. In the third year, barley was grown in all plots and its yield and grain protein concentration were determined. Mineral N in the plough layer was determined two months after incorporation of crops and again before sowing barley in the following year. The effect of faba bean and turnip rape on improving barley yields and grain protein concentration was still detectable two years after they were grown. The yield response of barley was not sensitive to the growth stage of second crops when they were incorporated, but was to different second crops, showing clear benefits averaging 6-7% after white lupin, faba bean and hemp but no benefit from caraway or buckwheat. The effect of increased N in the plough layer derived from rotation crops on barley yields was minor. Incorporation of plants at flowering stage slightly increased third-year barley grain protein concentration but posed a great potential for N loss compared with incorporation of crop residues after harvest, showing the value of either delayed incorporation or using catch crops.
Introduction
Cereals are important sources of carbohydrate and protein for both humans and animals, but continuous cereal production has negative impacts on soil fertility and health. For example, 20 to 70 years of continuous cereal production in six regions of Australia was associated with, on average, a 70% loss of total soil N from sandy soil, 38% from silty soil and 18% from clay soil [1] . In soils under continuous cereal production in the UK, organic C concentration decreased from around 50 Mg/ha in 1880 to 20 Mg/ha in 1980 [2] . In addition, cereal-specific pathogen inocula increase with long-term continuous cereal production [3] .
In Finland, 46% of the arable land is used for continuous production of cereals, with barley (Hordeum vulgare L.) being the most produced cereal crop [4] . Introducing dicotyledonous crops as breaks into cereal-based cropping sequences brings benefits such as decreased pathogen pressure and improved soil fertility, with different break crops having different effects. Brassica crops such as turnip rape [Brassica rapa L. ssp. oleifera (DC.) Metzg.] offer biofumigation potential [5] , but generally do not support mycorrhizal fungi. Legumes such as faba bean (Vicia faba L.) and white lupin (Lupinus albus L.) support the growth of beneficial soil microbes [6] , in addition to providing biological nitrogen fixation. White lupin, buckwheat (Fagopyrum esculentum L.), caraway (Carum carvi L.), and hemp (Cannabis sativa L.) all contain secondary compounds that may inhibit the growth of weeds or subsequent crops [7] [8] [9] [10] , because allelochemicals, most of which are secondary compounds, are involved in competition between different plant species [11] . All of these dicotyledonous crops have strong tap roots that can improve soil permeability [12] . Incorporation of break-crop plant material as a green manure is done at the expense of harvestable grain or seed yield, but maximizes the input to the soil of both slowly degraded organic N and secondary chemicals that may affect soil microbiological community structure. Many secondary metabolites of plants are inhibitory to a wide range of pathogenic fungi such as Fusarium culmorum and Rhizoctonia solani [13] . The concentrations of these metabolites are generally highest in plants at the flowering stage [14] , and the incorporation of green manure at this stage offers the further advantage that it is unlikely to interfere with the sowing time of the next crop.
For these reasons, we set out to investigate the effects of a range of rotation crops, managed for either grain yield or green manure, on the yield and quality of barley, with continuous barley as a control. Mineral N concentration in the plough layer in soil was determined between incorporation of plant materials and sowing barley in the following spring, in order to evaluate the potential for loss of N mineralized from plant residues. The experiment was repeated with a one-year lag in order to test the potential for generalizing the results within a manageable time-frame.
Materials and Methods

Experimental site
Two rotation experiments were conducted in 2010-2012 and 2011-2013 on two sites at the Viikki Experimental Farm (60°22' N, 25°03' E, 8 m amsl), University of Helsinki, Finland, at the southern edge of the Boreal climatic zone. Both sites had primarily been used for cereal production and were classified as Vertic Stagnosols [15] , with a topsoil of silty clay loam comprised of 31-33% clay, 63% silt and 4-5% sand. The pH(H 2 O) of the plough layer of the natively acidic soils had been raised to 6.4 with repeated liming for 50 years. Soil total C and N concentrations were analyzed with the Dumas dry combustion method in a VarioMAX CN analyzer (Elementar Analysensysteme GmbH, Hanau, Germany). Carbonate content in these soils is too low to be detectable, and the C and N are mainly in organic forms. C concentrations were 38.5 and 74.6 g/kg, and N concentrations were 3.4 and 6.6 g/kg in site I (2010-2012) and II (2011-2013), respectively, giving a C/N ratio of about 11.3.
Experimental set-up, sampling and analysis
Throughout the experiment in Table 1 , the synthetic fertilizer, banded to the seed-bed at the time of sowing, was N-P-K 23-3-5 (Cemagro Oy, Lohja, Finland) for the non-legume crops and N-P-K 16-7-13 for the legumes. Both faba bean and white lupin were inoculated with the appropriate commercial strains of rhizobium (Elomestari Oy, Kukkola, Finland) before sowing. In the first year at both sites, three blocks (40 m × 25 m) of turnip rape (cv 'Wildcat'), faba bean (cv 'Kontu') and barley (cv 'Vilde') were sown as shown in Fig 1. These "first crops" were harvested in late August, after which the plots were ploughed.
In the second year, the block was divided into the four replicates of a randomized complete block design, with the treatments being the "second" crops, namely caraway cv 'Sylvia', white lupin cv 'Vesna', oilseed hemp cv 'Finola', a landrace of buckwheat, and the same barley and faba bean cultivars as before as shown in Fig 1. Each plot was 6 m × 2.5 m and seeding densities and fertilizer rates are shown in Table 1 . Sowing was in late May of each year.
At full flowering stage (BBCH growth stage (GS) 65 [16] ), the entire plots of caraway and white lupin, and half of each plot of buckwheat, faba bean and hemp were incorporated into the soil using a rotary power harrow in the middle of July. The whole plots of caraway and white lupin were used because they were considered very unlikely to reach maturity in this climate. The residues of the other half-plots of buckwheat, faba bean and hemp were incorporated into the soil at maturity (GS 89), after the seeds were harvested in late August. The barley plots were harvested normally and their stubble and straw were incorporated into the soil. Two months after the incorporation of plant materials, topsoil samples (0-30 cm) were taken for mineral N analysis (N.2).
In the third year, samples of topsoil (0-30 cm) were taken from four random points within each block, using an auger in early May before seeding. Samples were stored at -20°C until they were analysed at the Finnish Environmental Services (Suomen Ympäristöpalvelu Oy, Oulu, Finland) for ammonium and nitrate N (N.BS) using a FIAstar 5000 analyzer (Foss Tecator AB, Höganäs, Sweden). At the end of May, all the plots were sown with barley and fertilized with 60 kg/ha of N. Normal N fertilization of barley in this region is 100 kg/ha, so the amount used was chosen to allow detection of response to mineral N from other sources. In late August, the barley was harvested from the middle rows of all plots. The yield (kg/ha) was determined from 7.5 m 2 (6 m × 1.25 m) of each plot where the second crop was treated as a whole plot (caraway, white lupin and barley), and from 3.75 m 2 (3 m × 1.25 m) of each plot where the second crop was treated as a half-plot (buckwheat, faba bean and oilseed hemp, incorporated at either the flowering or after harvest). Grain protein concentration (GPC, %) was determined by near infra-red reflectance analysis (DA 7200, Perten Instruments AB, Segeltorp, Sweden). Weather data of 2010-2013 were obtained from the Finnish Meteorological Institute (http://en. ilmatieteenlaitos.fi/) station at Kaisaniemi, 9 km from the sites, including daily temperature (°C) and monthly rainfall (mm).
Data analysis
The difference (N.D) between N.2 and N.BS was calculated as a measure of the potential for N loss. Data on barley yield, GPC, N.2, N.BS, and N.D from across the two sites were subjected to a full factorial analysis of variance using R [17] , with site, first crop, second crop, and growth stage of second crop incorporation and their interactions as fixed factors, and replicate as a random factor. Replicate number was nested within each first-crop block. The normality of data of models was checked by quantile-quantile (Q-Q) plots. The full-factorial models were then simplified stepwise by dropping first the random and mixed effects and then the fixed effects, starting with the highest order interactions. At each step, the simplified model was compared with the previous one, to determine whether the change was significant (P < 0.05). Means of the retained fixed effects were compared with the LSD test (P < 0.05) in the agricolae package [18] . For analysis of Field experimental setup. Barley, faba bean and turnip rape, as first crops, were grown in one block in the first year. In the second year, second crops were sown in randomized complete block designs with four replicates in each block of First crops. The whole plots of caraway and white lupin were incorporated into the soil at flowering stage, and the residues of the whole plots of barley were incorporated after harvest. Half plots of buckwheat, faba bean and hemp were incorporated into the soil at flowering stage and the residues of the other half were incorporated after harvest. In the third year, all the plots were sown with barley. The first year of site II coincided with the second year of site I.
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covariance (ANCOVA) and regression analysis of barley yield, N.BS was added as a covariate to the simplified models or as an explanatory variable to models with only an intercept, for the sites separately. Total precipitation as rainfall (mm), the number of frost days 0°C, and the average daily temperature (°C) were calculated from May to October and November to April.
Results
Data of dependent variables were normally distributed. The block structure of the experiment (i.e., the replicate × site × first crop interaction) was significant only in the analysis of N.D as shown in Table 2 (mean squares were shown in S5 Table) , easing the analysis and interpretation of the fixed effects on yield, GPC, N.2 and N.BS.
Effect of sites, first crops and their residues on soil mineral N and barley yield and grain protein
Barley yield, N.2 and N.D were significantly (P < 0.05, Table 2 ) higher at site I (2011-2012) than at site II (2012-2013) as shown in Table 3 , but N.BS was significantly higher at site II. In both sites, N.2, N.BS and N.D were lowest in the barley block as shown in Table 3 , but its highest value was in different treatments in the two sites, leading to a significant site × first crop interaction as shown in Table 2 and S1 Table. Yields and GPC of barley were lower in the barley block than blocks of faba bean and turnip rape at both sites as shown in Table 3 .
Effects of first crops, second crops, and the timing of their incorporation and their interactions on soil mineral N, barley yield and quality
Although barley yields were not significantly affected by the timing when the second crops were incorporated, N.2 and N.D were higher when incorporation took place at flowering stage than after harvest as shown in Table 3 , indicating the higher potential for loss of mineral N from the plough layer in this circumstance. Nevertheless, the higher figure for GPC after incorporation at flowering suggests that at least some of the organic N became available at grainfilling time.
Barley yield was significantly affected by the first crop × second crop and first crop × second crop × stage of incorporation interactions as shown in Table 2, S3 Table and Fig 2. The four lowest barley yields were in the block of barley as first crop as shown in Fig 2, with the second crops being buckwheat (flowering stage), caraway, hemp (after harvest) and barley. Barley yields were generally highest after a two-year break, with the top three yields following a first crop of faba bean and a second crop of hemp (after harvest), white lupin (flowering) or faba bean (flowering) as shown in Fig 2. GPC was significantly affected by the first crop × second crop and second crop × stage of incorporation interactions as shown in Tables 2, 4 , and S3 Table. GPC was higher after faba bean incorporated at flowering than in any of the other second crop × incorporation treatments as shown in Table 4 and was higher when faba bean was the second crop after any first crop as shown in S3 Table. The first crop × second crop interaction was particularly evident for the white lupin treatment, that gave a high GPC after turnip rape but a very low one after barley as shown in S3 Table. N.2, N.D and N.BS were all affected by the site × first crop as shown in S1 Table and site × second crop as shown in S2 Table interactions along with several other two-way and three-way interactions as shown in Tables 2, 4 and S4 Table. N.2 and N.D were both high after white lupin as shown in Table 5 , especially at the second site as shown in S2 Table, and N.2 was also high after faba bean incorporated at the flowering stage as shown in Table 4 . N.2 and N.D were remarkably low at site 2 in the materials incorporated after harvest, as shown in S4 Table. N.BS was low at site 1 after barley and faba bean as shown in S1 Table. It was low after barley at both sites, but after white lupin, it was high at site 2 and low at site 1 as shown in S2 Table. Barley yield showed a weak correlation with N.BS in Site I as shown in Fig 3, and was, in general, higher at Site I than at Site II. N.BS added as a covariate to the simplified models did not cause any significant change of variation explained by the models.
Weather conditions between harvest and sowing
The average daily temperature show that May-October 2012 was cooler than the other two growing seasons, whereas winter 2011-2012 was warmer than the other two in Table 6 . The single days of frost in the two growing seasons were during October, after harvest. Summer of 2010 and winter 2010-2011 were much dryer than the subsequent years. 
Discussion
The effect of faba bean as first crop on increasing barley yield, and its grain protein concentration, were both still detectable after two years. Faba bean, hemp and white lupin as second crops were all associated with higher third-crop barley yield. In contrast, the effect of soil mineral N in the plough layer before sowing was minor. The ranges of mineral N in the plough layer of the present study were comparable with other studies conducted in similar environments [19] [20] [21] . When plants were incorporated at flowering stage as green manure, there was a substantial decrease in the mineral N concentration between two months after the incorporation and the next spring, posing a great potential for N loss from the plough layer at this time. Green manure incorporation, in general, increased third-year barley GPC, but did not result in more mineral N before sowing barley or higher third-year barley yields than residue incorporation after harvest. Mineral N concentration before sowing barley in the plough layer Data show means of each second crop at each stage of incorporation at each site (n = 4, with LSD (Least significant difference, P = 0.05).
Within a column, means followed by the same letter are not significantly different (P < 0.05), negative numbers of N.D indicate gain of mineral N. was apparently affected by weather factors such as the number of days with temperature below 0°C, average daily temperature and total winter rainfall.
The benefits of faba bean and turnip rape on increasing yields and GPC of barley were still detectable two years later Faba bean and turnip rape, as first crops, improved yields and grain protein concentration (GPC) of successive barley. Rapeseed has been reported to enhance the growth and grain yield of subsequent wheat [22] . Faba bean increased soil mineral N and enhanced N uptake by the subsequent wheat in Germany [23] . The positive effect of turnip rape on GPC was greater than that of faba bean.
Faba bean, hemp and white lupin as second crops resulted in higher third-year barley yields and grain protein concentration
In general, barley yields after a two-year break were higher than after a one-year break, indicating that the beneficial effect of rotation crops could be cumulative. Faba bean, hemp and white lupin as second crops were all associated with higher third-crop barley yields, whereas buckwheat and caraway resulted in lower barley yields, confirming that the beneficial effects of rotation crops differ. Although we have previously found [24] that buckwheat can inhibit weed growth because of its large leaf area and root exudates containing allelochemicals, it is not evident if the residual effect of these exudates or other secondary chemicals caused the low barley yield in this study. Increased N availability in the plough layer is one of the contributors of break crops to barley yields, as it has been shown to account for increased yields or promoted growth of many following crops [25] [26] [27] [28] [29] [30] . However, its effect can be overestimated, as shown by the lack of significant effect of N.BS in the ANCOVA. Moreover, the regression model using N.BS to predict barley yield was not significant in site II and was only weak in site I. The significant positive correlation between barley yield and N.BS in site I suggested that the application of 60 kg/ha of N fertilizer was appropriate to allow detection of additional available N. In a meta-analysis of Finnish data from , that barley yield response to N fertilization and N derived from soil organic matter varied between years, and that the variation in yield was largely due to unidentified factors [31] .
For prospective studies, it would be useful to investigate other components of the break crop effects of these species in this climate, such as reduced pathogen populations, improved soil structure, and other nutritional aspects such as the solubilization of P by carboxylates released by legume roots [32, 33] .
Incorporation of green manure improved barley grain protein concentration but did not increase N.BS and barley yields Plants incorporated at the flowering stage contained more nutrients than those incorporated after harvest, which may account for the increase of barley GPC, but third-year barley yield did not show differences due to incorporation stage. Therefore, incorporation at flowering stage at the expense of harvest may not be recommendable. Moreover, green manure incorporation can pose a great potential for N leaching, since mineral N concentration before sowing thirdyear barley was about half of the amount two months after incorporation. This decrease of mineral N concentration could be due to immobilization, gaseous loss, and particularly to leaching. The average temperature between harvesting and sowing in this region is about -0.5°C at 20 cm depth [34] , and this is considered to preclude significant microbiological activity that could lead to immobilization [35] . N leaching in spring during snow-melt, in contrast, is a very well established source of N losses [36] . Furthermore, mineralization is predominant over immobilization in early spring in the boreal climate of this area, by about 10 kg/ha [37] , adding to the risk of leaching losses.
Since the soil temperature averaged around 8°C from July to late October [34] , N from organic matter would have continued to be mineralized and hence more subject to loss. This might also explain how N concentration fell more when plants were incorporated at flowering stage. Incorporation of plants after harvest took place in late August, so the organic N of the residues would have been less subject to mineralization. Moreover, the lack of plant cover that holds or captures mineral N originating from organic matter would have accounted for increased leaching [38] . In Sweden and Denmark, delaying the incorporation of ryegrass as catch crop effectively reduced N leaching [19, 39] .
Effects of weather
Of the three winters, that of 2011-2012 was the highest wettest, warmest, most subject to freezethaw cycles, and produced the lowest N.BS. Rainfall is well known to increase N leaching, as already discussed, and increased activity of microorganisms due to the higher temperatures could have increased immobilization [40] . The effect of freeze-thaw cycles could be investigated further. Use of winter cover crops, such as winter turnip rape, can reduce N leaching [41] .
Conclusion
When only two-thirds of the recommended rate of N fertilization was used on barley, the break-crop effects of turnip rape, faba bean, white lupin and hemp were shown in enhanced yield and/or protein concentration. Some combinations of two years of break crops had greater effects than a single year. This confirms the importance of break crops in cereal-based agriculture, even at high latitudes where many disease and pest pressures are considered to be low. As shown by the low covariance, little of the effect of the break crop was attributable to available N in plough layer at sowing. It would be interesting to investigate dynamics of other elements after rotation with faba bean, white lupin and hemp. Mineral N derived from the soil organic matter and plant residues was at risk of loss in mild, wet winters and springs. Incorporation of green manure resulted in a slight increase of barley grain protein concentration, but posed a great potential for increasing mineral N loss and did not result in higher yield of following barley compared with incorporation of residues after harvest. Hence, we recommend either incorporation of harvest residues rather than green manure, or using a catch crop such as winter turnip rape to reduce nutrient leaching. 
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